Objective: To prospectively investigate the relationship between physical activity and Parkinson disease (PD).
Benefits of physical activities have been documented for many health conditions, including obesity, type 2 diabetes, cardiovascular diseases, certain types of cancers, and overall mortality. 1, 2 The preventive benefit of exercise has been recently extended to neurodegenerative diseases. [3] [4] [5] [6] A recent metaanalysis showed consistent epidemiologic evidence that higher physical activity was associated with lower risk of dementia or Alzheimer disease. 7 Parkinson disease (PD) is the second most prevalent neurodegenerative disease and affects over 1% of the elderly population. In contrast to dementia, the epidemiologic evidence on physical activity and PD has been sparse and inconsistent, [8] [9] [10] [11] despite fairly consistent evidence from animal experiments that forced exercise may protect the nigrostriatal dopaminergic system. [12] [13] [14] [15] We therefore examined physical activities at various time periods in relation to PD risk in a large cohort of US older adults: the NIH-AARP Diet and Health Study.
METHODS Study population and PD case identification. The cohort was assembled in 1995-1996 by the National Cancer Institute to investigate roles of diet and lifestyle in cancer etiology. 16 The cohort comprised 566,402 AARP (formerly known as the American Association of Retired Persons) members (ages 50 -71) from 6 US states and 2 metropolitan areas who completed a comprehensive dietary survey on diet and answered some brief questions on lifestyle (referred to as dietary survey). 16 In late 1996 -1997, 334 ,908 participants of the original cohort answered a second questionnaire to provide more detail on lifestyle (referred to as risk factor survey), including physical activity levels over 4 time periods. From 2004 to 2006, a follow-up survey was conducted among surviving participants to update lifestyle exposures and to ascertain the occurrence of major chronic diseases, including PD. A total of 220,934 participants participated in both the risk factor and the follow-up surveys and were thus eligible for the current analyses. On the follow-up questionnaire, participants were asked whether they had been diagnosed by a doctor with PD and the year of diagnosis as before 1985, 1985-1994, 1995-1999, or 2000 to present. Because physical activities were asked at the risk factor survey in 1996 -1997, we excluded 764 cases diagnosed before 2000 to reduce the potential impact of physical limitations of patients with early PD on the analyses, leaving 917 cases diagnosed in or after 2000 eligible for the current analyses. We further excluded 143 individuals whose self-reports were later denied by themselves or by their treating physicians, and 7 cases missing on physical activities. Of those who did not report a PD diagnosis, we excluded 4,916 participants with invalid or missing PD status on the follow-up questionnaire and 1,403 with missing information on physical activity. Therefore, the final primary analyses included 767 PD cases diagnosed after 2000 and 212,934 participants without PD.
We began in 2007 to validate the self-reported PD diagnoses as part of an effort to collect genetic materials for PD research. This effort was made for all surviving patients with PD, not just cases diagnosed after 2000. Briefly, after obtaining consent from the patients, we asked their treating neurologists to complete a diagnostic questionnaire and to send us a copy of the patient's medical records. The questionnaire collects information on PD cardinal signs (rest tremor, rigidity, bradykinesia, and postural instability), response to dopaminergic treatments, and clinical features that help differential diagnosis. The medical records were reviewed by a movement disorders specialist (X.H.). A diagnosis was validated if the treating neurologist considered it as clinically definite or probable, or if the medical record included a final PD diagnosis or evidence of 2 or more cardinal signs with 1 being rest tremor or bradykinesia, a progressive course, responsiveness to dopaminergic treatments, and absence of features that suggest an alternative diagnosis. This protocol has been successfully implemented in other large cohorts. 17, 18 To date, we have received a total of 1,069 responses from physicians and 940 (87.9%) PD diagnoses were confirmed. The confirmation rate was similar across years of diagnosis: 83.3% for cases diagnosed before 1985, 92.8% for cases diagnosed in 1985-1994, 88% for cases diagnosed in 1995-1999, and 87.2% for cases diagnosed after 2000.
Exposure assessment. On the 1996 -1997 risk factor questionnaire, participants were asked to report how often they participated in light or moderate to vigorous activities at 4 ages: 15-18 years, 19 -29 years, 35-39 years, and in the past 10 years. Frequency categories included never, rarely, hours/week: Ͻ1, 1-3, 4 -7, and Ͼ7. Examples of light activities (such as bowling, slow walking or slow dancing, and light housework) or moderate to vigorous activities (such as tennis, biking, swimming, and heavy housework) were provided. In addition, 3 physical activityrelated questions were also asked in the 1995-1996 dietary survey approximately 6 months prior to the risk factor survey. Participants were asked to describe their daily routines at work as mostly sitting, sitting and walking a bit, standing or walking around without carrying loads or lifting, lifting or carrying light loads, or doing heavy work or carrying heavy loads. The second question inquired whether in the prior 12 months there were activities at work or home that lasted at least 20 minutes or increased breath or heart rate or caused sweat. Six possible answers were allowed: never, rarely, times/week: Ͻ1, 1-2, 3-4, and Ն5. The third question asked about how often the participants exercised or participated in sports at ages 15-18 years with the same categories for activities in the past year.
In the 1995-1996 dietary survey, participants were asked about their smoking status, the typical number of cigarettes smoked per day, and the number of years since last smoking for former smokers. In addition to smoking, the questionnaire collected information on date of birth, sex, race, education level, and coffee consumption. 16 Statistical analysis. As the physical activity data were structurally collected at the risk factor survey, we limited our primary analysis to participants of the risk factor survey and follow-up survey. Further, we used PD diagnosis after 2000 as the primary outcome to reduce the possibilities of reverse causality and recall bias. Odds ratios (OR) and 95% confidence intervals (CI) were derived from logistic regression models, adjusting for age in 5-year categories, sex, race (non-Hispanic white vs others), smoking (never smokers, past smokers [years since quitting: Ն35, 30 -34, 20 -29, 10 -19, 5-9, and 1-4], and current smokers [cigarettes per day: 1-10, 11-20, Ͼ20]), education (Ͻ8 years, 8 -11 years, high school, post-high/some college, and college and above), and coffee consumption (cups/day: none, Ͻ1, 1, 2-3, and Ͼ3). Analyses were conducted separately for light activities and moderate to vigorous activities and first in both men and women and then by sex. The statistical significance for a linear trend was tested by including a continuous variable with assigned midpoint of each exposure category in the regression model. We also examined whether changing activity levels between ages 35-39 and in the past 10 years was associated with PD risk after 2000. For this analysis, we considered never or rarely as low, Ͼ7 hours/week as high, and those in-between as medium. Further, we also examined the relationship between the 3 physical activity-related questions collected at the dietary survey in 1995-1996 and PD risk after 2000.
To our knowledge, 3 prospective studies [8] [9] [10] have published data on physical activity and risk of PD, including the Health Professionals Follow-up Study (HPFS, men only, 252 cases) and the Nurses Health Study (NHS, women only, 135 cases), 8 the Harvard Alumni Health Study (HAHS, men only, 101 cases), 9 and the Cancer Prevention Study II Nutrition Cohort (CPS-II, cases: 264 men and 145 women). 10 We conducted a meta-analysis of these studies with the current one. To reduce the possibility of reverse causality, for HPFS, NHS, and the current study, we used the risk estimates from lag analyses that excluded the first several years of follow-up. The meta-analysis was conducted using Review Manager (RevMan) (Version 5.0, Copenhagen, Denmark). 19 Other analyses were conducted using SAS software (version 9.1, Cary, NC) with 2-tailed significance level at ␣ ϭ 0.05.
Standard protocol approvals, registrations, and patient consents.
Participants consented to the study by returning survey questionnaires. The study protocol was approved by the In-stitutional Review Board of the National Institute of Environmental Health Sciences and the Special Studies Institutional Review Board of the National Cancer Institute. Table 1 showed population characteristics according to levels of light or moderate to vigorous activities in the past 10 years as reported on the 1996 -1997 questionnaire. Participants involved in frequent light activities were older, and were more likely to be women and white than those who never or rarely participated in such activities. For moderate to vigorous activities, frequent participants were slightly older, more likely to be men and white, and have a higher education level. They were also less likely to be current smokers than those who never or rarely did moderate to vigorous activities.
RESULTS
Higher levels of moderate to vigorous activities at ages 35-39 and in the past 10 years as reported in 1996 -1997 were associated with lower PD risk after 2000 (table 2) . Compared with participants who never or rarely did moderate to vigorous activities at ages 35-39, those with Ͼ7 hours/week of such activities had a 38% lower odds of having PD (OR ϭ 0.62, 95% CI 0.48 -0.81, p for trend ϭ 0.005). Similar results were obtained for moderate to vigorous activities in the past 10 years (corresponding OR ϭ 0.65, p for trend ϭ 0.0001). Moderate to vigorous activities at earlier ages were, in general, not associated with the risk of PD. Light activities at any time periods were not related to PD risk, the multivariate ORs comparing Ͼ7 hours/week of light activities with never or rarely were 1.11 (95% CI 0.88 -1.38) for ages 15-18, 1.12 (95% CI 0.85-1.47) for ages 19 -29, 0.91 (95% CI 0.68 -1.21) for ages 35-39, and 1.06 (95% CI 0.78 -1.44) for in the past 10 years.
We further evaluated change of participation in moderate to vigorous activities between ages 35-39 and in the past 10 years in relation to PD after 2000 (figure 1). Compared with individuals with consistently low level of such activities, the OR was 0.57 (95% CI 0.41-0.79) for those consistently at high levels, 0.58 (0.40 -0.84) for those who increased from medium to high, 0.63 (0.44 -0.89) for those who decreased from high to medium, and 0.79 (0.60 -1.04) for those who remained medium. Analyses for other groups were based on small numbers and were statistically less stable. Decreasing activity levels over this period (from high to low, high to medium, and medium to low) apparently was not related to higher odds of PD as compared with those who remained at low or even at moderate levels of activities.
Having a physically demanding daily routine as asked in the dietary survey was also related to lower PD risk after 2000 (table 3) . Compared with individuals who sit most of the day, those carrying heavy loads or doing heavy work had a 37% lower risk of PD after 2000 (OR ϭ 0.63, p for trend ϭ 0.03). An approximately 20% lower risk was also found for participants who reported Ն5 times/week of activities from work or home when compared with those who were never or rarely physically active (OR ϭ 0.81, 95% CI 0.66 -0.99); however, the linear trend test was not significant. Recalled frequency of participating in physical activity or sports at ages [15] [16] [17] [18] was not related to PD risk.
The meta-analysis showed consistently that higher moderate to vigorous physical activities were associated with lower PD risk in both men and women (figure 2). The OR comparing the highest activity level with the However, excluding this study did not change the results (data not shown). 
DISCUSSION
In this large population of US older adults, higher levels of moderate to vigorous physical activities at ages 35-39 or in the past 10 years were associated with future lower risk of PD. This association was present in both men and women. The metaanalysis of prospective studies confirmed this relationship, and therefore the totality of epidemiologic evidence seems to support that higher levels of moderate to vigorous activities in mid or later life are associated with lower risk of PD. The hypothesis that higher physical activity protects against PD originated from animal experiments in which forced exercise prior to or after dopamineselective neurotoxicant treatments spared dopaminergic neurons and attenuated movement abnormalities. [12] [13] [14] Examining this hypothesis in epidemiologic studies is difficult because the underlying PD pathogenesis might affect one's ability to exercise even in its preclinical stages. Previous analysis showed a persistent trend of decreasing activity level among patients with PD starting about 2-4 years prior to the diagnosis. 8 Interestingly, the levels of physical activity among patients with PD were rather stable before that point. Therefore, etiologic research on physical activity and PD should be preferably conducted in large prospective cohorts with activity data collected years before the diagnosis.
To date, only a few prospective studies on physical activity and PD are available. [8] [9] [10] [11] In the HPFS and NHS cohorts, 8 higher baseline vigorous activity was associated with lower PD risk in men, but not in women. Recalled participation in strenuous exercises in early life was, however, associated with lower PD risk in both men and women. In the male-only HAHS cohort, 9 neither baseline nor recalled physical activity in earlier life was significantly associated with PD risk, although men with the highest energy expenditure had 37% lower PD risk than those in the lowest (RR ϭ 0.63, 95% CI 0.36 -1.12, p for trend ϭ 0.1). In the CPS-II Nutrition cohort, 10 higher levels of moderate to vigorous activities were associated with lower future PD risk with a borderline statistical significance. No gender difference was found, but the gender-specific results were not significant due to small sample sizes. A fourth study in Finland reported in the text that leisure time physical activity was nonsignificantly associated with lower PD risk, but did not provide the data. 11 Compared with previous studies, the current study is substantially larger with uniformly collected physical activity data for various time periods and includes substantially more female cases. The metaanalysis shows consistent results across studies and gender, suggesting the association between physical activity and PD is not likely due to chance. We could not exclude the possibility of reverse causality that low physical activity was a result of preclinical PD pathogenesis. However, several findings may argue against this as a primary explanation for the relationship between higher physical activity and lower PD risk. First, analysis with repeatedly measured physical activities showed no decrease in activity level among patients with PD until 2-4 years before the diagnosis. 8 Second, the HPFS/NHS, CPS-II, and the current study all conducted analyses excluding the first several years of follow-up. 8, 10 Third, in the current analysis, recalled moderate to vigorous activities at ages 35-39 showed association with lower PD risk, as did strenuous exercises in early life in the HPFS and NHS studies. 8 Finally, we demonstrated that decreasing physical activity between ages 35-39 and in the past 10 years was not related to a higher PD risk, suggesting activity levels in these life periods did not yet reflect changes as a result of undiagnosed PD. The potential mechanisms that underlie the physical activity-PD relationship are yet to be elucidated. In animal experiments, forced exercise induced the secretion of neurotrophic factors which might in turn contribute to the neuroplasticity and survival of dopamine neurons. 20, 21 Further, exercise downregulates dopamine transporter 14 and decreases its ratio to vesicular monoamine transporter. This may reduce cytosolic dopamine turnover and the susceptibility of dopaminergic neurons to neurotoxicants. 12, 22 Finally, vigorous, but not light, exercise induces lasting elevation of plasma urate, 23 which in turn predicts lower PD risk [24] [25] [26] [27] and slower progression. 28 The relevance of these proposed mechanisms needs to be evaluated in future clinical and experimental studies.
The study has several limitations. In this large prospective cohort, we had to rely on self-reports to identify patients with PD, and this inevitably introduced diagnostic and reporting errors. In our diagnostic confirmation effort, about 88% of the self-reported diagnoses were verified with medical information from their treating neurologists. Further, we excluded identified erroneous reports or misdiagnoses from the analysis. Physical activities were selfreported via a structured survey. Although the questionnaire was not directly validated, it contained key elements of the Physical Activity Scale for the Elderly that showed reasonable reliability and validity when compared against objectively measured energy expenditure using doubly labeled water. 29, 30 Physical activity assessed in this study has been previously linked to lower overall mortality 31 and lower risk of colorectal cancer. 32 Further, information on physical activity was collected prior to case identification and therefore the recall errors should be nondifferential and might have attenuated the true strengths of associations. Nevertheless, exposure misclassification is a concern as the accuracy of reporting physical activities was subject to participants' abilities of observation and memory. In particular, our findings that early life physical activities were not related to PD risk need cautious interpretations as the recall of activities in the distant past might have had more errors than that of recent activities. Despite the fact that we only included cases diagnosed at least 3 years after the exposure assessment and we presented several lines of evidence against the possibility of reverse causality, we could not entirely exclude the likelihood that our finding was due to decreased physical activities of patients with PD in early preclinical stages. Finally, most of our study participants were white; therefore the generalizability of our results to other ethnicities needs to be evaluated in future studies. Odds ratios (OR) and 95% confidence intervals (CI) were between the highest activity levels and the lowest. Squares indicate the individual OR in each study. The size of each square is proportional to the percent weight of that individual study in the meta-analysis, and the horizontal line represents the 95% CI. Pooled ORs and 95% CIs are indicated by the solid diamonds. The pooled p values were 0.0002 for men, 0.02 for women, and Ͻ0.0001 for men and women combined.
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